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X-ray analysis of the nearly commensurate phase of 17-TaS, confirms a domainlike structure
predicted by a phenomenological charge-density-wave theory. The amplitudes of the atomic dis-
placement waves induced by triple charge-density waves are analogous to those of an ideal
domainlike structure consisting of 13 hexagonal domains. In each domain surrounded by
discommensurations, 13 Ta atoms construct a star-shaped cluster and the clusters repeat regular-

ly with the period of the +/13a structure.

1T-TaS, has the fundamental Cdl,-type structure
with the hexagonal unit cell of ag=3.3650(2),
co=5.8967(4) A, which consists of the stacking of
two sulfur layers perpendicular to the c axis and one
Ta layer between them. This material has two in-
commensurate charge-density-wave (CDW) phases
above 200 K, one of which (appearing in the tem-
perature range of 200—350 K) is called the nearly
commensurate (NC) phase. Theoretical studies of
CDW states of 17-TaS, were made by several peo-
ple!™ and a domainlike structure stabilized by
higher-order harmonics of CDW’s was predicted in
the NC phase.® This structure has been supported by
x-ray photoelectron spectroscopy.*> However, direct
evidence has not yet been obtained. The domainlike
CDW state induces atomic displacement waves which
include higher-order harmonics, causing higer-order
satellite reflections in diffraction patterns. Their x-
ray intensities are exceptionally strong in the NC
phase of 17-TaS,. Therefore, it is expected that the
domainlike structure is directly observable by x-ray
analysis of this phase, applying a method of modulat-
ed structure analysis based on the multidimensional
description.®"® This paper reports the result of
analysis of the NC phase at room temperature using
x-ray data collected by Brouwer,” which shows hexag-
onal domains separated by discommensurations.

Nakanishi and Shiba® predicted theoretically the ap-
pearance of the domainlike CDW state with 13 hex-
agonal domains surrounded by narrow discommen-
surations in the NC phase. In this case, the CDW’s
consist of the fundamental waves with the incom-
mensurate wave vectors G (i=1,2,3), ~g?+g¥
(i,j=1,2;2,3;3,1), and their higher-crder harmon-
ics. The higher-order harmonics have wave vectors
close to those of the corresponding fundamental
waves in the reduced zone: g + k¥, —g@
+qV 2k (1=1,2,3) (see Fig. 1). Here k" is

3@V -q0) - (@ -

[k (i=2,3) are defined by cyclic replacement of

indices, and the unit cell with @ =ag, b = by, c =3co
is employed because the CDW triples the ¢ axis. The
wave vector GV in the present case, 0.244673*
+0.0684b%, is very close to the wave vector of the
V13a structure, Go' = (33" + b*)/13. [q(’) and g¢"
(i=2,3) are obtained from g‘"’ and aé‘ by 120°
and 240° rotations around the ¢ axis.] In the
domainlike structure, the relative magnitudes of the

harmonics take definite values to construct the hex-
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FIG. 1. Schematic view of the diffraction pattern in the
nearly commensurate phase of 17-TaS,. The large circles
indicate the main reflections lying in a plane through ©%=0
and perpendicular to the c axis and small solid circles, the
satellite reflections on the same plane and small open circles
and triangles, the satellite reflections on planes through
+7T* The main and fundamental satellite reflections are in-
dexed. The 12 reflections around 00110 and 00011 satellites
represent higher-order satellite reflections. The other
higher-order satellites are at>_t3reviated for simplicity. When
the fundamental satellite at Q has the indices hh,h3h4hs,
the higher-order satellites at Q + kK (i=1,2,3) have in-
dices hl F 1,h2,h3 F l,h4i4,h5 F 1, hl + 1,/72 F 1,h3 F 1,
h4$3,h4 1'4', h],hzi 1,/13 F 1,h4¢3,h5 F1.
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agonal domains. This CDW state will induce the dis-
placement harmonics with the same relative magni-
tudes and definite directions. In the limit of

g — fi(()i) (i=1,2,3) all the higher-order displace-
ment harmonics have the amplitudes parallel to those
of the corresponding fundamental waves. The rela-
tive magnitudes in this limiting case are listed in
Table I, neglecting higher-order terms with small am-
plitudes, and the relative amplitudes of the displace-
ment harmonics are shown in Fig. 2(b).

The x-ray diffraction experiments at room tem-
perature’ showed many strong satellite reflec-
tions at K+q (i=1,2,3), Kzq? +q" (ij
=1,2;2,3;3,1), which are called the fundamental
satellite reflections for convenience, and weak
higher-order satellites around them forming a two-
dimensional sublattice spanned by the unit vectors of
KD, K@, where K is a reciprocal lattice vector of
the fundamental lattice with the unit vectors a, b, c.
Almost all the observed higher-order satellite reflec-
tions were consistent with the result expected from
the domainlike structure mentioned above: These
relfections were explained by the strongest three har-
monics in Table I and their counterparts forming the
triple CDW’s.

In order to confirm the domainlike structure, an
x-ray analysis was performed based on the multidi-
mensional description of modulated structures,®®
which is a unified method to analyze (commensurate-
ly or incommensurately) modulated structures.® In
this method, five integers #1h2h3hshs are assigned to
a reflection with the diffraction vector 6 by the use
of

6’:h]ﬁ.*‘*‘hzg*‘l'h3_C.*+h4a’(l)—h5a'(3) .
Then the observed extinction rule for general reflec-
tions is given by h3— hs+ hs=3n. The other extinc-
tion rule due to the hyperscrew axis or hyperglide
plane is not present. From the extinction rule and
the fundamental structure, the five-dimensional
space group Cies (aB1/3) (Refs. 10 and 11) was de-
duced. The extinction rule is explained by the

centering translation (£10, 0,—31—, — —;%) in this space

TABLE 1. Relative magnitudes of displacement harmon-
ics in the ideal domainlike structure. The first column
shows the wave vectors of the fundamental waves and the
second column represents magnitudes of the harmonics rela-

tive to those of fundamental waves in the v13a structure.

q g-k® q+Kk®
= _=(1)
q=79q 0.866 0.291
g=q-g¥® 0.634 0.293 0.534

(a)
_k(1)
q _q(_;)\/q(l)
(b)
q-k(1) q-kl1
q+k(3)
q

FIG. 2. Relative amplitudes of the displacement waves of
Ta in the ab plane. (a) present work. (b) the ideal domain-
like structure predicted by a phenomenological theory. The
triple arrows with the same length making an angle of 120°
with each other show the amplitudes of triple displacement
waves with the wave vector indicated in the figure and its
counterparts. The displacement of Ta at X is represented by
3. U;sin(Q; - X), where U, is the amplitude of the wave
with the ith wave vector 6,- shown in the figure.

group, where the translation vector in the five-
dimensional space is written in unit vector com-
ponents.® This space group allows only sine waves
for the displacements of Ta atoms and both sine and
cosine waves for S atoms.® The 63 Fourier ampli-
tudes of the modulation waves for the displacements
and the temperature factors with wave vectors shown
in Table I were taken as variable parameters and were
determined by use of the least-squares method which
minimizes the squared weighted R factor. The least-
squares program converged with a R factor of 0.10
for the 806 satellite reflections including 156 higher-
order satellites.

The result showed that the displacements of Ta
atoms are larger than those of S atoms and lie in the
ab plane. The relative amplitudes of the displace-
ment waves are shown in Fig. 2(a), where the magni-
tude of the fundamental wave with the wave vector
G is 0.03424. This shows that (i) the directions of
the amplitudes of higher-order harmonics are nearly
parallel to those of corresponding fundamental waves
lying in the ab plane, (ii) the relative magnitudes
between the fundamental waves and their higher-
order harmonics are similar to those of the ideal
domainlike structure predicted by the theory as is
clear from the comparison with Fig. 2(b), and (iii)
the amplitudes of the fundamental displacement
waves with wave vector q are nearly antiparallel to q,
indicating that each wave is almost longitudinal as ex-
pected from the CDW state. Figure 3 shows the
atomic arrangement in a Ta layer perpendicular to the



FIG. 3. Displacements of Ta atoms from their regular po-
sitions in a domain of the nearly commensurate phase. The
arrows show the displacements of Ta atoms (x5) in the ab
plane. Star-shaped clusters arranged with the period of the

13a structure are linked by solid lines. The broken lines
indicate the unit cell of the v/13a structure. The 13 atoms
constructing a cluster are numbered.

¢ axis written by using the obtained amplitudes but
assuming the commensurate waves vectors of the
V13a structure. This is quite similar to the result of
Brouwer’s analysis assuming the V13a structure®: 13
Ta atoms construct a star-shaped cluster and the larg-
est displacement occurs at the second-nearest Ta
atoms of a cluster center. The difference between
this v13a structure and the real (incommensurate)
structure is that the real structure consists of 13
domains. In the domainlike structure, when a
domain has a structure shown in Fig. 3, the centers
of the cluster in the remaining 12 domains are shifted
to the 6 first-nearest neighbors and 6 second-nearest
neighbors of the central Ta atoms as derived from
the phases of the CDW’s in 13 domains.> This is
shown in Fig. 4, where the number in each domain
represents that the center of the cluster is located at
the Ta site with the same number in Fig. 3. The
three-dimensional structure is constructed by stacking
the same layer after shifting its origin by T, where
To is a lattice vector in the ab plane fulfilling

(@V-g§") - Fo=4m/3 ,

(G = aé”). To=4m/3(mod27)

(Ref. 3). (This is derived from the extinction rule.)
This means that in the upper layer, the point X is
shifted at the point Y in Fig. 4. The period 3¢y along
the c axis results from this stacking. As shown
above, the relative amplitudes between displacement
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FIG. 4. Domainlike structure of the nearly commensurate
phase. The hexagonal domain surrounded by thick lines
corresponds to the Wigner-Seitz cell with the two-dimen-
sional reciprocal lattice spanned by K™ and K® and thin
lines represent the place of the minimum amplitude of
cos(k'?+X) (i=1,2,3). In each hexagonal domain, 13 Ta
atoms construct a star-shaped cluster and the clusters are ar-
ranged regularly with the period of V13a structure as shown
in Fig. 3. The 13 hexagonal domains in the figure have the
same cluster arrangement but their cluster centers are locat-
ed at different positions. The number shows the position of
the cluster center, which means the cluster center is located
at the position with the same number in Fig. 3.

harmonics are very close to those of the ideal
domainlike structure. Therefore, we can consider
that the NC phase consists of hexagonal domains
surrounded by discommensurations and has star-
shaped clusters of Ta atoms in each domain which
are arranged regularly with the period of the v13a
structure. Rigorously speaking, the structure will de-
viate from that in Fig. 3 near the discommensuration.
In the present case, the hexagonal domain is about
47 A in a side, which includes about 44 clusters. Of
these, about 23 clusters are located near the discom-
mensurations: The domain boundary runs across
these clusters. However, the detailed study near the
discommensurations is out of the scope of the
present study.

In conclusion, the domainlike structure with 13
hexagonal domains, which was predicted by the
theory, is confirmed by the x-ray analysis based on
the five-dimensional space group Cfy% (aB81/3). The
analysis suggests that the CDW’s with the wave vec-
tors =G " +qY (i,j=1,2;2,3;3,1) and their higher-
order harmonics have large amplitudes and the nearly
commensurate phase of 17-TaS, largely deviates
from the simple CDW state.

ACKNOWLEDGMENTS

The author thanks Dr. N. Kimizuka and the late
Professor M. Nakahira for drawing his attention to
the CDW state in 17-TaS,.




RAPID COMMUNICATIONS

7826 AKIJI YAMAMOTO 27

Y. Yamada and H. Takatera, Solid State Commun. 21, 41 6P. M. de Wolff, Acta Crystallogr. Sect. A 30, 777 (1974).
(1977). 7A. Janner and T. Janssen, Phys. Rev. B 15, 643 (1977).

2K. Nakanishi, H. Takatera, Y. Yamada, and H. Shiba, J. 8A. Yamamoto, Acta Crystallogr. Sect. A 38, 87 (1982);
Phys. Soc. Jpn. 43, 1509 (1977). Sect. B 38, 1451 (1982).

3K. Nakanishi and H. Shiba, J. Phys. Soc. Jpn. 43, 1839 9R. Brouwer, Ph.D. thesis (Rijksuniversiteit, Groningen,
(1977). 1978) (unpublished).

4G. K. Wertheim, F. J. DiSalvo, and S. Chiang, Phys. Rev. 10p. M. de Wolff, A. Janner, and T. Janssen, Acta Crystal-
B 13, 5476 (1976). logr. Sect. A 37, 625 (1981).

SH. P. Hughes and R. A. Pollak, Commun. Phys. 1, 61 1A Janner, T. Janssen, and P. M. de Wolff (unpublished).

(1976).



